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[1] The method of calculating water vapor flux can show the paths of moisture transport
but cannot easily identify the sources and sinks of water vapor. In this study, we
estimate the evaporative moisture sources for the Yangtze River Valley (YRV) rainfall
with a water vapor back-trajectory method, using meteorological data from the Modern Era
Retrospective-analysis for Research and Applications (MERRA). The major moisture
sources and their relative contributions show large seasonal variations. The moisture from
the Bay of Bengal and the western Pacific usually compensate each other both during
the evolution of YRV wet season (April–September) and interannually for the wet months
(peak in August). The major direct moisture sources are over YRV and its major moisture
transport pathways over land, rather than over the ocean, but the ocean is important in
initiating the moisture transfer. However, over these important land moisture sources,
surface evapotranspiration is not controlled by soil wetness and has weak impact on the
variability of rainfall. Local moisture recycling over YRV is mostly a passive response to
rainfall and circulation changes. The prediction of YRV rainy season rainfall thus depends
more on the knowledge of large-scale circulations and monsoons than land surface
conditions.
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1. Introduction

[2] The Yangtze River Valley (YRV) is one of the world’s
most populated regions. With the longest river in Asia
passing through it, this region has been threatened frequently
by summer floods. For example, the flood in 1998 killed
about 4,000 people and caused about $26 billion in eco-
nomic losses. Floods are mostly caused by periods of heavy
rainfall. Located in a monsoon region, YRV is greatly
affected by the East Asian summer monsoon rainfall, which
is closely connected to the patterns of water vapor transport.
Every summer, the monsoon flow brings a large amount of
water vapor to East China [e.g., Huang et al., 2004; Ding
and Chan, 2005]. The decadal precipitation variations over
East China during the past half-century are believed to be
directly related to the changes in water vapor transport [Ding
et al., 2008; Huang et al., 1998, 2004; Zhou et al., 2008;
Chen and Huang, 2008].
[3] Figure 1 shows the dominant spatial pattern (EOF1) of

the vertically integrated moisture fluxes obtained from a
Principal Component Analysis (PCA) and regions where

precipitation is most strongly affected by this pattern. The
period of this analysis is the wet season (April–September)
of YRV when the precipitation accounts for more than 70%
of the annual total. The dominant pattern shows a westward
flow over the tropical North Indian Ocean and a south-
westerly flow that transports moisture to the middle and
lower reaches of YRV. For this study, we select a rectan-
gular area over YRV, where precipitation is strongly
affected by the moisture transport, and YRV mentioned in
this paper refers to this area unless otherwise stated.
[4] The basic questions we address in this study are:

Where does the water vapor for YRV rainfall come from?
What source regions are most important? Can we predict the
rainfall using information of evaporation at the source
regions? Past studies of water vapor transport over East Asia
typically used bulk or kinematic methods of calculating
water vapor flux, which can show the paths of transport but
cannot easily identify the sources and sinks of water vapor
[e.g., Simmonds et al., 1999; Zhou and Yu, 2005; He et al.,
2007; Zhou et al., 2008; Zhao et al., 2008]. Xu et al.
[2008] argued that the Bay of Bengal to South China Sea
region is the main moisture source for the precipitation over
YRV. But their conclusion is based on simple correlation
analyses, so is inconclusive. Preliminary analysis of
Drumond et al. [2011] with a Lagrangian model shows that
the moisture sources for inland regions of China are mostly
over land. Here we also use a Lagrangian method to track
the surface evaporative moisture sources for each precipita-
tion event over YRV and study the characteristics of
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seasonal to interannual variations of the evaporative sources.
Investigation of evaporative sources over land also leads to
insights into land-atmosphere interactions. The most
important moisture sources are not necessarily useful for
rainfall forecasts, so the potential of using the information of
evaporative sources for precipitation prediction is also
discussed.

2. Data and Method

[5] Observational estimates of the hydrologic cycle are
still incomplete, so we need to rely on the model results or
reanalysis products, although they contain various types of
errors and biases [Trenberth et al., 2011]. In this study, we
analyze the Modern Era Retrospective-analysis for Research
and Applications (MERRA) [Rienecker et al., 2011].
MERRA was generated with the Goddard Earth Observing
System (GEOS-5) atmospheric model and data assimilation
system, with a particular emphasis on the hydrologic cycle.
It is found that the global precipitation climatology and
variability of MERRA are closer to observations than pre-
vious generations of reanalyses, and ocean evaporation is
more realistic [Bosilovich et al., 2011]. MERRA covers the
period from 1979 to the present (data from 1979 through
2010 are used in this study), with a horizontal resolution of
2/3° longitude by 1/2° latitude and 72 vertical atmospheric
levels.
[6] The quasi-isentropic back-trajectory (QIBT) method

[Dirmeyer and Brubaker, 1999, 2007] is used to track the
water vapor for each precipitation event (each grid with
precipitation) backward in time along isentropic surfaces,
assuming precipitated water is drawn from the atmospheric
column in a distribution same as the specific humidity.
MERRA is used to provide the meteorological data for
estimating the incremental contribution of surface

evapotranspiration (ET). Traces are performed on each
reanalysis grid, starting from the grids with precipitation,
backward in time until at least 90% of its original precipi-
tation is attributed to ET, but no longer than 15 days (the
average residence time of moisture is about 10 days). The
time step for the calculation is 45 min, and the calculations
and output are aggregated into pentads (5-day intervals).
Please see the reference papers above for a detailed
description of the QIBT method. An advantage of the QIBT
method compared to using water vapor tracers in models [e.
g., Numaguti, 1999; Bosilovich and Schubert, 2002] is that it
can be used for post-processing and the study region can be
defined after the model simulation has been finished. Several
similar methods have been developed to examine the water
vapor sources for precipitation [Stohl and James, 2004;
Sodemann et al., 2008].

3. Climatology

[7] Figure 2a shows the climatological time series of wet
season (April–September) precipitation over YRV. The
maximum rainfall is during June–July, mainly a result of the
migration of the Meiyu front from south to north. Compared
to the observational estimates from the Global Precipitation
Climatology Project (GPCP) [Xie et al., 2003] and the Cli-
mate Prediction Center Merged Analysis of Precipitation
(CMAP) [Xie and Arkin, 1997], the rainfall in MERRA is
slightly underestimated early in the rainy season and is
largely overestimated afterwards. We separate the wet sea-
son into three periods according to the evolution of rainfall
over YRV: April–May (before rainy season), June–July
(rainy season), and August–September (after rainy season).
The three periods show very different evaporative moisture
sources and vertically integrated moisture fluxes
(Figures 2b–2d). During April–May, before the onset of the

Figure 1. The first EOF (EOF1) of the 1979–2010 interannual variation of April–September average
vertically integrated moisture flux (vectors) and the correlation of its corresponding first principle compo-
nent time series (PC1) with precipitation at each grid point (shading). The correlations of 0.3, 0.35, and
0.45 are significant at 90%, 95%, and 99% levels, respectively. The moisture flux data is from MERRA
(see section 2 for introduction) and the precipitation data is from Global Precipitation Climatology Project
data set (GPCP) [Adler et al., 2003]. The rectangular box is the area for further analysis.
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East Asian monsoon the water vapor is mainly transported to
YRV from the South China Sea and western Pacific. The
moisture flux from the Bay of Bengal is generally too weak
to directly reach YRV in large amounts, but it can indirectly
reach YRV after falling as rainfall over Indochina and
Southwest China and re-evaporating. During June–July,
when the monsoon is strong, we can see two main branches
of water vapor transport: one from the Arabian Sea and the
Bay of Bengal, through Indochina and entering YRV from
southwest, and the other from the South China Sea through
South China and entering YRV from the south. The first
branch contributes more to YRV rainfall than the second
branch. During August–September, with the weakening of
the East Asian monsoon the moisture is transported to YRV
from all three major ocean regions: the western Pacific, the
South China Sea, and the Bay of Bengal.
[8] In order to clearly show the time evolution of the

evaporative contribution from major sources to YRV rain-
fall, we select some major moisture source regions
(Figure 3a). Three land regions and three ocean regions are
defined, where evaporated moisture contributes about 70%
of the total YRV rainfall. Although the bias in MERRA

rainfall is not expected to have a great impact on the esti-
mated large-scale features of moisture sources, it can impact
the time evolutions of evaporative contributions (Figure 3b),
which is directly related to the time evolution of rainfall. In
order to balance the total evaporative contributions and the
observed precipitation, we make a first order calibration by
scaling the evaporative contribution time series with the ratio
of GPCP to MERRA rainfall over YRV at each pentad. The
calibrated estimates are shown in Figure 3b. The contribu-
tion of most regions follows the time evolution of YRV
rainfall, except that the contribution from the western Pacific
is small during the rainy season but increases and becomes
a major source after that. This is probably related to the
movement of the western Pacific subtropical high and the
landfall of typhoons (more discussion later) [Ren et al.,
2002]. The local evaporative contribution from YRV also
has a larger value after the rainy season, which is related to
the change of monsoon flow and the wet land surface over
YRV (more discussion later). Figure 3c shows the percent-
age contributions of the moisture sources to YRV rainfall.
The percentage contribution from YRV evaporation is
actually the local recycling ratio, which is defined as the

Figure 2. (a) Climatological mean pentad time series of area average precipitation over the Yangtze
River Valley (YRV; rectangular box in Figure 1) from the pentad ending on April 6th to the pentad ending
on October 3rd. Three data sets are shown: MERRA (1979–2010), CMAP (1979–2009), and GPCP
(1979–2007). Evaporative moisture sources supplying the rainfall over YRV (red box) during (b)
April–May, (c) June–July, and (d) August–September (shaded). Unit is the percentage of total rainfall over
YRV (sum of all the grid points is 100). Based on MERRA data; see text for details. The arrows show the
vertically integrated moisture flux (unit: kg m�1 s�1).
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percentage of precipitation over an area that originates as ET
from the same area. The recycling ratio of YRV is lower
during the rainy season. The contributions from the Bay of
Bengal and western Pacific show an obvious seesaw

relationship, with the contribution of the South China Sea in
between.
[9] It can be seen in both Figures 2 and 3 that in most

cases the land regions have higher evaporative contributions
to YRV rainfall than the ocean regions, consistent with
the results of Drumond et al. [2011]. This is contrary to the
traditional view that ocean is the main moisture source. The
possible reasons for this are that the oceanic moisture sour-
ces are too far away from YRV so the moisture cannot arrive
directly, or these land regions are humid enough where ET
amounts are actually close to or higher than that over ocean
(not shown). This result is probably related to the spatial
distribution of ET in MERRA, which is high over land
compared to other global estimates [Jiménez et al., 2011]
and lower than other reanalyses over ocean but more real-
istic [Bosilovich et al., 2011]. Biases in MERRA may also
contribute to this; it is found that the reanalyses may tend to
underestimate the lifetime of water vapor in the atmosphere
[Trenberth et al., 2011].

4. Variability and Implications for Rainfall
Forecasts

[10] Figure 4 shows the relationships of local precipitation
recycling with rainfall and ET over YRV during June–July
based on pentad means. There is a very significant negative
relationship between local recycling ratio and rainfall over
YRV (Figure 4a). It means that when the YRV precipitation
is higher (lower) there is a lower (higher) percentage of
moisture from the local source. However, the absolute
amount of local moisture contribution is generally higher for
higher precipitation. Figures 4c and 4d further support the
conclusion of Figure 4a by showing the composites of per-
centage moisture sources for high- and low-intensity rainfall
events. High-intensity rainfall is associated with large per-
centage of moisture from remote sources, while the moisture
for low-intensity rainfall is mainly from local evaporation. It
appears that the recycling ratio is responding passively to the
variation of rainfall, which is largely controlled by external
factors. The correlation between total ET and rainfall over
YRV is significantly negative (Figure 4b), indicating that the
soil is very wet and ET is not constrained by surface wetness
but by surface radiation. The lack of connection between
total ET and its part that contributed to rainfall (Figure 4b)
also implies the weak control of local surface condition on
rainfall. This result is related to the choice of the region
where moisture transport strongly affects rainfall (Figure 1).
It is supported by some model simulations and analyses of
observational based data [Kim and Hong, 2007; Zhang et al.,
2011; Dirmeyer, 2011], and is a feature over both YRV and
its major water vapor transport pathways over land, so soil
moisture is difficult to use as a direct factor for rainfall
forecast. The above has shown the results from the rainy
season (June–July); similar results are obtained for April–
May and August–September except that the ET-rainfall
relationship is weaker because of the changed rainfall and
surface conditions. Completely different features are found
over the Sahel (not shown), a semiarid region where soil
moisture has a strong impact on ET and rainfall [Taylor et al.,
1997; Taylor, 2008; Koster et al., 2004; Dirmeyer, 2011].
[11] Next, we look at the interannual variability of evap-

orative sources for YRV rainfall. An important question in

Figure 3. (a) Selected major water vapor source regions for
YRV precipitation. (b) Mean pentad evolution of the evapo-
rative contribution of different source regions in Figure 3a to
the rainfall over YRV. (c) Same as Figure 3b but for the per-
centage contributions. The line colors in Figures 3b and 3c
correspond to the mask colors in Figure 3a. The lines for
the three land regions are thicker than those for the three
ocean regions. The values in Figure 3b are calibrated to
account for the bias in MERRA precipitation (see text).
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the research of water vapor sources is where the evaporation
is most important for precipitation in a certain region. This
information may be helpful for precipitation forecasts. PCA
is a useful tool to find the dominant spatial patterns and
their temporal principal components (PCs). It emphasizes
the consistent variability at large spatial scales so biases at
small spatial scales have less impact. Figure 5 shows the first
components (EOF1s) of interannual variability for the three
periods. They explain about 25% of the interannual variance
of evaporative moisture sources for each period. The pattern
for April–May highlights the moisture sources over the
South China Sea and South China. The pattern for June–July
highlights the remote moisture sources from the Bay of
Bengal, northern Indochina, and Southwest China,
corresponding to the first branch of the moisture sources in
Figure 2c. For August–September, the dominant pattern
highlights moisture from South China, Indochina, and YRV.

As the sum of the evaporative sources equals YRV precipi-
tation, moisture from the highlighted evaporative sources is
most important for the interannual variability of rainfall over
YRV. This is confirmed by the very strong correlations
between the time series of PC1s and YRV rainfall.
[12] Figure 6 shows the second components (EOF2s) of

the PCA. Different from EOF1s, which mostly highlight
nonlocal moisture sources, EOF2s show large contributions
from YRV, tending to highlight local moisture recycling.
Thus we compare the time series of YRV recycling ratio
with those of PC2s (Figure 6). During June–July and
August–September, the correlations between the recycling
ratio and PC2 are very significant (p < 0.01). The correlation
is weak during April–May, probably because it also high-
lights a large amount of moisture from nonlocal sources. The
pattern for August–September shows an obvious typhoon
path from the western Pacific to the lower reaches of YRV,

Figure 4. Scatterplots showing the dependence of (a) the YRV pentad recycling ratio and (b) the YRV
pentad total ET on average rainfall during June–July (1979–2010). The colors of the dots show the evap-
oration from YRV that contributes to local rainfall (unit: mm/day). Linear regressions and correlations are
also shown. Average percentages of the evaporative sources for (c) 15% highest intensity pentad precip-
itation events and (d) 15% lowest intensity pentad precipitation events aggregated independently for each
grid point in the box (not including pentads and grid points with no precipitation).
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emphasizing the importance of typhoon on YRV rainfall.
This is related to the fact that August–September is the peak
season for typhoon impact on China [Ren et al., 2002].
[13] The PC2 time series of June–July and August–

September both show evident decadal variations from
negative to positive values. Although the timing of this
decadal change is consistent with the beginning of an
observing system change (Advanced Microwave Sounding
Unit (AMSU)), the effect of this observing system change
is mainly more moisture and precipitation over tropical
ocean [Robertson et al., 2011; Bosilovich et al., 2011] and

MERRA does not show obvious differences in decadal
precipitation variability from observations over YRV
(Figure 5). We think these decadal changes in PCs and
recycling ratio are probably related to the circulation chan-
ges that led to decreased rainfall over YRV after year 2000
[Zhu et al., 2011] (note the negative correlation between
rainfall and the recycling ratio shown in Figure 4). The
increasing typhoon influence on YRV rainfall is supported
by some recent studies [Wu et al., 2005; Tu et al., 2009], and
there is a suggestion that it is related to global warming
[Wang et al., 2011].

Figure 5. (left) The spatial distributions of the first EOFs and (right) their corresponding normalized
principal component (PC) time series (bars) for the 1979–2010 interannual variations of the evaporative
moisture sources for precipitation over YRV (blue box). (top) April–May, (middle) June–July, and
(bottom) August–September averages. The EOFs are shown as the relative amplitude of moisture
sources. Also shown with the PCs are the normalized interannual variations of average precipitation over
YRV from MERRA and GPCP. Their correlation coefficients with corresponding PCs are shown, and
all correlations are significant at the p < 0.01 level.
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[14] An interesting dipole pattern over the Bay of Bengal
and western Pacific can be found in EOF1 during June–July
and August–September (Figure 5) and in EOF2 during
August–September (Figure 6). The moistures from the
above two regions also show a seesaw relationship during
April–September (Figure 3c). Moreover, Zhang [2001]
found a positive interannual correlation between the zonal
moisture fluxes over the Bay of Bengal and over the western
tropical Pacific (opposite directions) during June–August.
These results lead us to further investigate this problem.
Figure 7 shows the monthly variation of the interannual
correlation between moisture sources from the Bay of
Bengal and from the western Pacific for YRV rainfall. Their
correlation is significantly positive during the YRV cold
season (November to April of next year) but decreases and

becomes negative during the warm season, with a negative
maximum in August. This shows why they have dipole
patterns in the EOFs during August–September but not
during April–May.
[15] The EOF1 (Figure 5) has shown the dominant evap-

orative sources for YRV precipitation. Can these moisture
sources contribute to the prediction of YRV rainfall? We use
another method to further examine this problem. The first
step to identify a strong connection between precipitation in
the destination region and its evaporative sources is to cal-
culate their correlation coefficient (Figure 8, first row; the
correlation squared is used to match the other two factors
below, which are percentage rates). But a high correlation
alone cannot guarantee an important water vapor source
because some regions with high correlation contribute very

Figure 6. Same as Figure 5 but for the second EOFs and their corresponding PCs, and shown with the
PC time series are the recycling ratios over YRV. Their correlation coefficients with corresponding PCs
are shown.
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little water vapor, and the high correlations could be caused
by circulation patterns. On the other hand, the regions with
large percentages of moisture contribution are more likely to
have strong direct impact on the precipitation in the desti-
nation region. Therefore, the percentage contributions of the
evaporation at each grid point to the total precipitation are
another important factor to consider (Figure 8, second row;
same as in Figure 2). The above two factors are enough to
highlight the important water vapor source regions. How-
ever, from the perspective of prediction, the evaporative
moisture from the source region that contributes to the pre-
cipitation must be a large fraction of the total evaporation in
that region. Otherwise the information of evaporation in the
source region is difficult to be used for precipitation pre-
diction. Thus we further calculate the percentage of the total
evaporation at each grid point that contributed to the pre-
cipitation (Figure 8, third row). By equally considering the
three factors, we calculate their product (Figure 8, fourth
row). By definition, the product highlights critical regions
where evaporation may has the greatest impact on the
interannual variation of YRV precipitation by directly pro-
viding moisture, and knowing the evaporation from these
regions can potentially contribute to the prediction of YRV
precipitation.
[16] In fact, the product of only the first two factors has a

good correspondence to the EOF1 of evaporative source in
Figure 5 because it considers both the consistent spatial
variability (first factor) and amplitude (second factor). The
third factor is not considered by PCA. Analysis shows that
the products of two factors (not shown) and three factors
have similar patterns, and they are very similar to the pat-
terns of EOF1 (Figure 5). This provides an independent
verification of PCA results.
[17] In Figure 8, the products of the three factors show

most of the high values over local and surrounding land,
which means the evaporation there may provide information
for rainfall forecasts over YRV. However, the fraction of ET

that contributes to YRV rainfall (third factor) is not high
over these regions (<30%), and the ET there does not have a
strong correlation with its part that contributes to YRV
rainfall (Figure 4b). These factors limit the utility of land soil
moisture or ET for rainfall forecasting over YRV, as shown
by some modeling studies [Kim and Hong, 2007]. Thus, the
prediction of YRV rainfall must rely on the information of
large-scale circulation.
[18] It can be seen in Figure 8 that the correlations

between YRV rainfall and its moisture sources (first factor)
show very different patterns from those of the percentage
contributions (second factor). Correlations with many oce-
anic sources are higher than those with the land sources and
the products show significant values over some ocean
regions, although the land sources are closer to YRV and
contribute more moisture. This is probably because the
ocean is the main originator of the large-scale monsoon flow
that transports moisture to YRV while the land ET is
affected by the complex land surface processes in addition to
the oceanic forcing.
[19] Finally, a look at the composite difference between

the wettest and driest cases sheds light on the factors causing
the difference. Figure 9 shows the difference in evaporative
sources, moisture fluxes, and SST between six wettest
(1983, 1986, 1991, 1996, 1998, and 2002) and six driest
(1981, 1985, 1988, 1992, 2001, 2005) rainy seasons (June–
July) of YRV for the 32-year period. As MERRA is not
completely consistent with the observation (GPCP) in
interannual variability, we only chose the years in which
they have consistent maximum/minimum values. The dif-
ference in evaporative sources is similar to EOF1 (Figure 5)
or the product in Figure 8. The moisture flux difference is
consistent with the pattern shown in Figure 1, confirming its
dominant impact. The difference in SST shows an obvious
El Niño-like pattern, consistent with previous studies [e.g.,
Zhang et al., 1999; Wang and Li, 2004], and the weaker
South Asian monsoon flow is probably related to this. The

Figure 7. The monthly variation of the interannual correlation between moisture sources from the Bay of
Bengal and from the western Pacific (defined in Figure 3a) for YRV precipitation. The horizontal dashed
lines indicate the 95% confidence level.
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SST over the major oceanic moisture sources (the Bay of
Bengal and South China Sea) is warmer, which may provide
more evaporated moisture for YRV rainfall. But this effect
of SST on YRV rainfall may be much weaker than its effect
on the large-scale monsoon flow and moisture flux because a
small amount of moisture is directly from ocean.

5. Summary

[20] The QIBT method is used to investigate the water
vapor sources for YRV rainfall. The method tracks the

evaporative sources for precipitation, which are difficult to
obtain from moisture flux estimates. During the YRV wet
season that we are investigating (April–September), the
moisture sources for YRV rainfall show large seasonal var-
iations, and their relative importance also change with time.
The major paths for moisture transport to YRV are from the
Bay of Bengal (southwest), the South China Sea (south), or
the western Pacific (southeast), depending on time.
[21] The moisture from the Bay of Bengal and the western

Pacific shows a seesaw relationship during the wet season,
and has a negative interannual correlation during the warm

Figure 8. The first row shows interannual squared correlations between the total precipitation over YRV
and its evaporative sources, the second row shows average percentages of evaporative source that contrib-
ute to the YRV precipitation, the third row shows fractions of total evaporation at each grid point that con-
tribute to the precipitation over YRV, and the fourth row shows the product of the first three rows showing
the critical evaporative sources for YRV precipitation. (left) April–May, (middle) June–July, and (right)
August–September. Only the areas significant at the 95% level are shaded.
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season (July–August) but a positive correlation during the
cold season (October to April of next year). It is found that
the most important moisture sources are mainly over the
pathway(s) for moisture transport over land, but the ocean
plays an important role in initiating the transport. PCA also
reveals increased local recycling ratio and typhoon impact
over YRV beginning around year 2000, which is consistent
with some previous studies. Although the ocean is important
for the moisture transport to YRV, the direct evaporative
moisture sources are mainly over the local and surrounding
land. Thus land-atmosphere interaction is an important issue
affecting moisture transport. It is found that although the
local ET of YRV accounts for about 10–15% of the moisture
supplying rainfall, the local recycling of moisture is a pas-
sive response to the rainfall and large-scale circulation and
contributes little to the interannual variability of YRV rain-
fall. Over YRV and its major moisture sources over land, the
surface soil wetness does not have a strong control on ET
and ET does not have a strong connection with its part that
contributes to YRV rainfall. Therefore, the rainy season
rainfall forecasts must rely on an accurate forecast of the
large-scale circulation in which ocean plays an important
role.

[22] This study demonstrates a gap between knowing the
moisture sources for precipitation and using this information
for precipitation forecast. For YRV, this information is not
very useful. But it may be useful for other regions, like the
Sahel. Using this information properly requires knowledge
of land-atmosphere interaction and/or ocean-atmosphere
interaction, depending on the sources of moisture. More-
over, for nonlocal moisture sources, the transport of mois-
ture is usually controlled by the large-scale circulation,
making the problem more complex. This study paves the
way for studying nonlocal impact of surface ET on precipi-
tation, and may contribute to the improvement of precipita-
tion prediction.
[23] At last, this study is based on only one reanalysis data

set. Although the results from other data sets may differ
somewhat, we do not expect the results to differ significantly
at the large scale. Preliminary comparisons with the results
from NCEP-DOE reanalysis 2 [Dirmeyer and Brubaker,
2007] support this. In addition, the QIBT method, although
has been used in several studies, has not been evaluated on
its performance. Comparison of its results with those from
the water vapor tracers in models is going on and a valida-
tion of the method will be provided.

Figure 9. The composite differences in (a) evaporative sources for YRV rainfall (shading) and vertically
integrated moisture fluxes (arrows) and (b) SST between the average of six wettest years and the average
of six driest years over YRV during June–July. The shaded areas in Figure 9a and dotted areas in Figure 9b
are significant at 90% confidence level, according to a bootstrap test of permuting the original time series
for 10,000 times.
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